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ULTRASONIC 
  BENZENE
VELOCITY IN AND THERMODYNAMIC 
AND CARBON TETRACHLORIDE UNDER 
  B\' TADASHI il1At:rrA Aan Tosttnt.axt' TAI:Af.I
PROPERTIES OF 
PRESSURES
   .4 new ea perimental apparatus for the accurate measurement of ultrasonic 
velocity in compressed liquids has been developed, employing the pulse technique 
and an electronic digital counter circuit. The sound velocity measurements are 
carried out in liquid benzene in the temperature range between 10 and i0'C under 
pressures up to 2,IOOatm, and in liquid carbon tetrachloride in the temperature range 
between 5 and 70`C under pressures up to 2,>OOatm, with an estimated accuracy 
better than 0.2 per cent. The freezing pressures of both liquids are also determined 
at several experimental temperatures. The adiabatic compressibility and the specific 
heat ratio are derived over the whole range of temperature and pressure.
i
                                    Introduction 
   "Ch
e velocity of sound in a fluid is one of the important thermodynamic properties which can be 
determined xperimentally with a considerable accuracy. Under the condition of low frequencies and 
small amplitudes, the velocity of sound C' is related to the specific volume r and the adiabatic com-
pressibility ps as follmvs: 
                               L~=(vfUs )fit. (1 ) 
Furthermore, provided the P-1=T data are available, some thermodynamic properties, such as the 
specific heat ratio Y and the specific heats, CP and Cv, could be derived from the well-known relations: 
                                     cP ;1T__c-!-s.. 
and Cp=-T(BP/7iT)=P (3 )                              1}v'~L° 
n•here the isothermal nd adiabatic tompressibilities aredefined as follows: 
                                      _ 1 't_h' 
                  / 1r
   Although the velocity of sound in various liquids under the ordinary pressure has been reported 
by many investigators, the n•ork<_ on the pressure dependence are scarce, and the accuracy in the 
measurements was often unsatisfactory to calculate. other thermodynamic properties. The ranges of 
temperature and pressure covered in those works were rather narrow, because of [he difficulty arisen 
from [he experimental techniques employed. Recently, the pulse technique has been applied to [he 
  (Recei^~ed lone 17, 796X)
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measurements of sound velocity in compressed fluids. Van Itterbeek and coworkers~> in Belgium re-
ported the results on several liquefied gases at lou• temperatures by means of a pulse superposition 
apparatus. Boelhouwer2~ in Netherland published [he values of liquid alkanes under pressures up to 
1,400 bars using a pulse technique. 
   The present report describes a new apparatus developed for the precise measurement of ultrasonic 




                                   Instrumentation 
   Although the pulse technique may be [he most suitable method for the measurement of the sound 
absorption, i[ has long been considered to be less accurate in the sound velocity measurement than the 
interferometer method, because of the difficulty in [he accurate determination of the time interval be-
tween an original pulse and the echo signal. In our present instrumentation, aprecise digital counter 
circuit is applied to the measurement of the time inten•al. The block diagram of the present fised-
path, two-crystal apparatus is given in Fig. 1.
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     Fig. l 61ock diagram of ultrasonic velocity apparatus 
pulse signal. whose repetition frequeocc an be adjusted 
approximately ISpsec, is generated in a trigger oscillator.
0 
r_ z 
0 m OIL PUMP
   an electronic l  i l.  i i  n y   j  between 4and IOkc and 
whose duration is i l  I , i   i  i  ill . The pulse is modulated 
in a pulsed oscillator, whose frequency is matched with the characteristic frequency in [he thickness 
of x-cut quartz crystals (1 i11c). The amplified signal escites the upper quartz plate (transmitter) to 
produce the ultrasonic pulse in the liquid contacting it. The pulsed ultrasonic waves travel down 
through the liquid column and reach the lower quartz plate (receiver) after time lag. The ultrasonic 
waves excite the quartz to resonance and are converted again into the electronic signal. Both the 
original pulse and received signal, amplified and detected in the electronic ircuits, are displayed nn 
     1) A. vao Itterbeek el ul.. Phyti¢a, 28, 8fi1 (1962); 29, 965 (1963); 31, i6i3 (1965); 3c, l62 (1967), 
        Cryogenics, 1, 126 (1961) 
      2) J. R'. bl. Bcelhouwer. Physira. 3d, Jgi (1961)
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the screen of an oscilloscope, as shown in Fig. L The time interval between the original and received 
pulses is measured 6y means of a digital elettronic ounter (Takeda Riken: TR-i 178).1Phen [he elet[ric 
level of the original pulse attains [o a pre-set value. the gate of the counter circuit is opened. The 
circuit starts to count the numbers of signals of IOD1c standard frequency, and therefore the counting 
unit is 0.1 µsec. The gate is closed when the leael of the received pulse comes to another pre-set value. 
The counting results aze given digitally within an error of 0.1 µsec. As the time delay in the rise of 
each pulse becomes less than 0.1 µsec provided the levels of the counting circuit are properly set, no 
correlation is made forthe measurement of the time interval. 
   Since the lime inten•al, t, should he the traveling time of ultrasonic waves in the distance f of the 
liquid column between the transmitter and the receiver plates. the velocity of sound L' can be deter-
mined by 
In this experiment, he average value of time inten•als is taken of at least twenty readings, in which 
the fluctuation does not exceed --~O.t µsec. As the distance f between the two quartz plates is 172.74 
mm at 25`C, the reproducibility of the sound velocity is always better than 0.2 per cent. 
   Fig. 2 shows the acoustical system, in which the hvo quartz plates are kept parallel by means of 
springs at both ends. The distance between the quartz plates is fixed by two rings connected with 
three rods of stainless teel (SUS-27). The change in the distance due to variation in temperature is
corrected at each experimental temperature. The change with pressure is negligibly small in the present 
experimental range- This acoustical system is enclosed in a high pressure cylinder. The pressure of 
the sample liquid is transmitted through mercury by means of an oil pump and an intensifier, as illust-
rated in Fig. I.
~e
Fig. 1 .acoustical system in high 
      pressure cylinder
i 
I
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                                   Experimenials 
   The high pressure cylinder containingthe acoustical system is kept in a liquid thermostat, whose 
temperature is regulated within ±0.01`C. The experimental temperatures are measured by means of 
a set of standard thermometers calibrated officially. 
   AL each experimental point, the pressure is read on the' Heise [3ourdon Gages of three pressure 
ranges, which are calibrated by a dead weight tester. Therefore, the accuracy in the measurement of 
pressure is better than 0.1 per cent over [he whole range. 
   The sample liquids used are obtained from thecommercial source (Spectroscopy Grade of Merck's 
Reagenzien). 13enune is purified by fractional crystallizations and carbon tetrachloride by fractional 
distillations. in order [o remove mainly the trace of water. The physical properties, such as density, 
refractive index, freezing point and boiling point, of purified liquids are found to agree very well with 
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Fig. 3 L'Il rasonic velocity isotherms of liquid benzene and carbon tetrachloride
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   The experimental u trasonic velocity data inboth liquids are drawn as isotherms against he pres-
sure in Fig. 3. The data at the ordinary pressure arefound to agree well with [he values in fitera[ures 
of benzenea'u and of carbon tetrachlorideu-fir. On the pressure dependence; the data in benzene show 
a good coincidence with the values of Richardson snd TaiNl at 25 and 40°C under pressures up to 
600 atm. The data obtained for carbon tetrachloride under pressures agree well with the values of 
Mitsud and Nollesl at 25`C up to 1,000atm, but show somewhat systematic deviations from the results 
of Richardson and Taita> a[ 26`C up to 600 atm. 
   The experimental data of the sound velocity ig both liquids are fitted by the leasLSquare method 
to the following formula: 
where pressure P is given in atm. The coefficients of. equatian (i) and [heir applicable ranges of pres-
                          Table 1 The coefficients 9f equation (i J
Benzene















































'Cemperature Upper limit of pressure 




















































* These values include the supercooled liquid exceeding normal freezing pressures. 
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sure at each temperature a  given in Table I. These quations are found to reproduce the experimental 
data under pressures with a maximum deviation of0.3 per cent. 
   On the other hand, it is noticeable [hat [he ultrasonicvelocity is in linear elation to the density 
at a constant temperature, as graphically drawn in Fig. 4. The slope of each isotherm resembles ach 
other in a liquid, and the sections of each isotherm are nearly a linear function of temperature. From 
this point of view. a simple representation c uld be possible for the ultrasonic velocity as a function 
of density and temperature. The most probable equations for the present two liquids are determined 
as follows: 
              Benzene: L'(m~sec)=3583.68p+1.4035 T-3874.60, 
            Carbon tetrachloride: G(m/sec)=2418.78p+L2g235T- 939.12. 
where density pis in gJcm' and T in °C. The above quations are found to represent the experimental 
data within the deviation less than 0.3 per cent for benzene attemperatures from 10 to 60`C and densi-
ties above D.g6gJcm', xnd for Carbon tetrachloride at temperatures from 5 to 70`C and densities above 
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     Fig. 4 hl[rasonic velocity vlrms density diagrams of liquid benune and carbon tetrachloride 
   The values of density used in the above correlation are calculated from Tait'sequation7Y, which 
has long been considered to be the best empirical equation of state for liquids, because the direct ex-
perimental data oI P-V-T relations for both liquids failed [o cover the present detailed ranges of tem-
perature and pressure. Tait's equation is written by 
                      v=voJl -Clog(B+P)/(B+ 1)J (3 ) 
      7) J. 0. Hirsch(elder. C F. Curtiss and R. B. Bird, "}lolecular Theop• of Gases and Liquids", John
        Niley and Sons, New York (1954)
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at a temperature, where v and va are Che specific volumes in cm'/g at a high pressure and the atmos-
pheric pressure, respectively, and P is in alm, B and C being empirical constants. In the present cal-
culation, the following values are taken from li[eratures: 
Benzenesl: C=0.21591 -
      8 (atm)=957.32-7.2736(T-25)t0.01579I(T-25)~ 
    vn (cros/g)=1.14464 t 139.1 X10-6(T- 25)t 2.5 X 10"'(T-25}' 
Cazbon tetrathloridesl: C=0.21290 
     B (atm)=855.66-.7190(T- 25) t 0.01 G906(T- 25)° 
    t'u (cm'/g)=0.647109t8.2822 X 10-'(T-45)+I4.77Gx 10-r(T-45)=+4.SOx 10-s(T-45)', 
where T is in "C. -
   Agreement between the Calculated density values and the reported values in literatureslo> is found 
to be satis[actory. Therefore the accurazy in the density values used would be better than 0.5 per cent 
at pressures up to t,500atm. uncertainty would increase under higher pressures. 
    From the present results of ultrasonic velotity measurements,it i  concluded that he variation of 
the velotity with temperature and pressure is smooth over the whole xperimental conditions up [o the 
freezing point. The coeRuient (oli/8P)T is always positive, (BL'/BT)P being negative. Furthermore, 
no evidence ofthe anomalous absorption ordispersion ofthe ultrasonic waves i  found at [he present 
frequency (1Mc). 
  Derived thermodynamic properties 
   Using the experimental d ta of sound velocity and the Calculated values of the specific volume, [he 
adiabatic compressibility is determined from equation (I), and is graphically drawn in Fig. 5. The 
isotherms are smooth up to [he freezing pressures. The isothermal compressibility is calculated from 
equation (4) by use of Tait's equation, and is also plotted by dotted curves in Fig, 5, in order to be 
compared with the adiabatic compressibility. The accuracy of these compressibility values would be 
better than [be order of 1 per cent, taking into Consideration theuncertainties of data employed inthis 
derivation. 
   The specific heat ratio derived from equation (2) is given in Fig, b. In general [he ratio decreases 
gradually with increasing pressure. However, the scat[erings of some xperimental points are found 
at each constant temperature. This would come from the uncertainty in the data of both experimental 
sound velotity and P-Y-T relation. Especially, dve to the lack of the accurate experimental P-V-T 
data at present, the calculated values of specific heat by equation (3) are found [o scatter considerably 
in high pressure r gion. Therefore, these derived values hould be recalculated when the reliable P-
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 Freezing pressures 
   Departing from the thermodynamic derivation. the freezing pressures at several temperatures are 
also determined during this experimental measurement. The pressure of a pure liquid is always fixed 











~ ~. S 
   .1't 
   '
l l ~•. 
a '•, 
s         •; ~•,,
CsHs






   '1t%ay~g
y       '~
;>x:;-
Fig. i
o sm woo saoo ew wao eoo 
                             Pressure lalml 
Adiabatic and isothermal compressibilities of liquid benzene and carbon tetrachloride 
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equilibrium can be easily obtained by the isothermal compression of a sample liquid. In some cases 
the liquid does not freeze beyond the normal freezing pressure, and the velocity of sound in the super-
cooled liquid can be obtained. 1Vhen the freezing of the liquid occurs, the ultrasonic waves are scattered 
by the fine crystals and, therefore, the receiving pulse signal disappears on the screen of the oscillo-
scope. The equilibrium pressure does not change with Further compression or release of pressure as long 
as the temperature remains constant. 
   In this investigation, readings of Che freezing pressure at a temperature are made several times 
after compressions or releases of the oil pressure. The experimental results are given in Table 2, x-here 
the pressures are accurate within _OS per cent. The more precise determination of the freezing pres-
sure and their discussions in comparison with other irrvestigators will he reported elsewhere. 
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